B
cl-2 and its relatives control the life and death of many cell types. The family is divided into 3 groups based on function and the number of Bcl-2 homology (BH) sequences the protein contains. Proteins that inhibit apoptosis are called Protectors and contain BH sequences 1, 2, 3, and 4. Family members that promote apoptosis are known as Messengers and Executioner proteins. Messenger proteins only contain a single homology sequence, BH3, whereas Executioner proteins contain BH1, BH2, and BH3 sequences. Protector proteins, such as Bcl-2 and Bcl-xl, are thought to operate by binding to proapoptotic proteins; thus, preventing their killing activities. The interaction is mediated by a prominent hydrophobic groove formed in part by the BH1 sequence on the surface of Protector proteins that binds to the BH3 sequence of proapoptotic proteins as demonstrated by the interaction between Bcl-xl and the Messenger protein Bim (1) . The fate of the cells is thought to be controlled by the relative levels of active Protectors, Executioners, and Messengers (2) .
Considering the potent nature of Protectors (3) (4) (5) , it is not surprising that viruses have evolved homologs of Bcl-2 family members (6, 7) . For example, Epstein-Barr virus (EBV) encodes the Bcl-2 related protein, BHRF1, a protein that appears to prevent apoptosis of cells during initial stages of infection (8) and after exposure to many apoptosis-inducing events (9) (10) (11) . Previous mutational studies showed that mutations in the BH1 sequence of BHRF1, a sequence that is part of the potential BH3-binding site of BHRF1, blocked its protective capacity (12) . Likewise, a recent study has demonstrated an interaction between BHRF1 and the BH3-only protein Bim and Puma (13) . These experiments suggest that BHRF1 might bind BH3-only proapoptotic proteins via its potential BH3 binding groove, just as Bcl-2 and Bcl-xl do. However, the effects of the BHRF1 mutations with respect to cellular protein interactions were not established in the former article (12) , and mutational studies were not performed in the latter article (13) . Thus, we cannot conclude unequivocally from these published studies that Bim binds to the BH3 binding groove of BHRF1, or that BHRF1 protects cells from death by interfering with the actions of Bim.
In an attempt to resolve these contradictions, the functions of BHRF1 and BHRF1 with mutations in its BH3-binding groove were studied in lymphocytes. Here, we show that BHRF1 protects both B and T cells from death. In a lymphocyte cell line, BHRF1 binds the Executioner Bak and, when the cell receives signals to die, the Messenger Bim. Mutational studies show that both these interactions involve the conventional, BH3-binding groove of BHRF1. However, the mutants do not have the same hierarchy of effects on Bak and Bim binding. The relative protective potencies of BHRF1 and BH1 sequence mutants of BHRF1 correlate better with the ability of the molecules to bind Bim rather than their ability to bind Bak. Thus, BHRF1 appears to protect lymphocytes from death by binding Bim, not Bak. Remarkably, BHRF1 manages this task even though it binds only a small amount of the Bim induced by apoptotic stimuli in the cell, suggesting that BHRF1 may protect cells by binding to some crucial, lethal fraction of all of the Bim in the cell, rather than the general pool of Bim.
T cells expressed approximately equivalent levels of Thy1.1 after transduction, indicating similar levels of ectopic gene expression (see supporting information Fig. S1A ). T cells were cultured for an additional 48 h, and transduced cells were assessed for survival. Vector only expressing cells died, whereas cells transduced with Bcl-2 or BHRF1 were protected (Fig. 1B) . Activated T cells expressing BHRF1 from retrogenic bone marrow chimeric mice were also resistant to SEB-induced death (Fig. S2 ).
BHRF1 Protects Cells from Bim-Dependent Apoptosis via Its BH3
Binding Groove. Protective Bcl-2 family members are believed to act by binding, via a hydrophobic groove, the BH3 regions of proapoptotic proteins. The base of the groove of the protector is formed by its BH1 sequence. Shown in Fig. 2A is the alignment of the BH1 sequences of Bcl-xL and BHRF1. Structural studies have suggested that the hydrophobic groove of BHRF1 is inaccessible; however, mutational analysis has indicated the region is important for its function (12, 21, 22) . To test whether the BH1 region of BHRF1 is required for protection, BHRF1 was mutated at residues analogous to those responsible for hydrophilic interactions between Bcl-xL and Bim (1), specifically, L98, G99, and R100. In total, 4 alanine substitution mutants were made: 3XA (mutations at L98, G99, and R100), L98A, G99A, and R100A. (Fig. 2 A) .
Each mutant was tested for efficacy in several ways. To test effects on B cells, bone marrow cells from MD4 mice that express a transgenic B cell receptor for hen egg lysozyme (HEL) were cultured in IL-7 to produce HEL-reactive immature B cells. Cells were transduced with retroviruses expressing Bcl-2, BHRF1 or BHRF1 BH1 mutants, or the empty vector (Thy1.1 only).
Transduced cells expressed approximately equal levels of Thy1.1, suggesting similar expression of introduced genes (Fig. S1 ). After 7 days of culture, without stimulation, cells expressing Bcl-2, BHRF1, and the L98A and R100A mutants were almost completely protected from cell death (Fig. 2B) . However, cells expressing the vector alone, or the BHRF1 3XA or G99A mutants had begun to die. As expected (17) , cell death was increased when surface Ig on the cells expressing the empty vector was engaged by HEL. Death also increased in cells expressing 3XA or G99A, whereas cells expressing Bcl-2, BHRF1, L98A, or R100A were protected. Although it remains unclear what is killing B cells cultured without antigen, apoptosis of immature B cells by BCR cross-linking is mediated by Bim (17) . Thus, combined with the experiments on T cells, this experiment suggested that BHRF1 protects lymphocytes from death via inhibition of Bim, probably by binding Bim via its BH3-binding groove. To have enough cells to perform biochemical analyses of the interactions between BHRF1 and cellular proteins, the IL-2-dependent mouse T cell line, HT-2, was used (23, 24) . To evaluate the importance of Bim in the death of HT-2 cells, cells were transduced with retroviruses coding for GFP alone, or GFP plus Bim shRNA. GFPϩ cells were sorted and lysed in CHAPS. Lysates were western blotted for Bim and ␤-actin. BHRF1 protects bone marrow B cells from deletion via its BH1 sequence. (A) The BH1 sequences of Bcl-xl and BHRF1 are aligned. In magenta are the residues of the BH1 sequence, L98, G99, and R100, that were mutated to alanine. A mutant expressing all 3 substitutions, 3XA, was also generated. (B) By using retroviral transduction, wild-type and BH1 sequence mutants of BHRF1 were expressed in bone marrow cells from MD4 transgenic mice cultured in IL-7. After 5 days of culture, B cells were either stimulated or not with 1.0 g of HEL; 48 h later, survival of cells was determined by their forward and side-scatter properties. Stimulated cultures were analyzed in triplicate, whereas only 1 resting culture was analyzed. The percentages of surviving Thy1.1 ϩ , CD43 Ϫ , CD19 ϩ , IgM low cells are shown. Error bars represent the SEM of 3 independent experiments. Vector and G99A cultures were tested in 2 independent experiments. * , P Ͻ 0.05.
BHRF1 Protects HT-2 Cells from Death by Binding Bim.
To verify that BHRF1 used its BH3 binding groove to protect HT-2 cells from death, HT-2 cells were transduced with retroviruses expressing a FLAG-BHRF1 or FLAG-BH1 mutants of BHRF1. Thy1.1ϩ transduced cells were isolated by sorting or cloning by limiting dilution. Thy1.1 levels varied slightly between cell lines (Fig.  S1C ), but BHRF1 and its mutants were expressed at similar levels of protein (Fig. S3 A) . Cells were cultured in the absence of IL-2, and assessed for death over time by measurement of mitochondrial membrane potential (⌬⌿), and 7AAD incorporation. When cultured without IL-2, cells expressing the empty vector or the 3XA mutant died within 18 h. Cells expressing G99A were partially protected, and cells expressing R100A and L98A were fully protected at this time. Only cells expressing BHRF1 were alive at 30 h (Fig. 4A) . Thus, protective capacity of BHRF1 in HT-2 cells depends on its BH1 sequence; therefore, BHRF1 probably protects cells by interacting with proapoptotic Bcl-2 family members.
To find out whether BHRF1 binds such proteins, FLAG-BHRF1 and its FLAG-BH1 mutants were immunoprecipitated. Western blots showed that FLAG-BHRF1 and its mutants were precipitated at approximately equal levels ( Fig. S3 A and Fig.  S4 ), and that, in cells cultured with IL-2, BHRF1 interacted with the executioner protein, Bak, but not Bax (Fig. S3 and Fig. S5 ). The 3XA and G99A and R100A mutants bound no appreciable amount of Bak (Fig. S3) . Similar results, albeit with less Bak bound by BHRF1 mutants, were seen in cells cultured without IL-2. Bak binding by the 3XA mutant after culture without IL-2 could not be evaluated because all of the cells were dead. The R100A result was particularly striking, because this mutant protected HT-2 cells from death in the absence of IL-2 quite well ( Fig. S3 and Fig. 4A ). This contradiction, illustrated diagramatically in Fig. S3E , suggests that that BHRF1 does not protect cells from death, due to cytokine withdrawal, by binding Bak, an idea that is supported by the fact that BHRF1 protects Bak Ϫ/Ϫ T cells from death (Fig. S6) .
BHRF1 also bound to Bim, and the amount of Bim bound by BHRF1 proved to be the important correlate of protection. In HT-2 cells cultured with IL-2, BHRF1 bound Ͻ1% of Bim within the cells (Fig. S7) . However, in the absence of IL-2, wild-type BHRF1 increased binding to Bim EL , the phosphorylated form of Bim EL (Bim ELp ) and Bim L (Fig. 4 B and C) . This result was confirmed by immunoprecipitation of Bim from cells expressing FLAG-BHRF1 and Western blotting for FLAG (Fig. S8) . In HT-2 cells cultured without IL-2, all mutants of BHRF1 bound significantly less Bim ELp and Bim L than wild-type BHRF1 did (P Ͻ 0.05; see Fig. 4 B and C) . A similar trend was observed for A B Bim EL . The R100A mutant bound Bim to a degree that correlated with its protective effects. When the amount of Bim ELp bound by BHRF1 or its mutants was plotted relative to the ability of the individual molecule to protect, a strong correlation between protection and Bim binding was observed (Fig. 4D ). This result indicates that BHRF1 protects cells by binding to Bim.
BHRF1 Does Not Bind All of the Bim Induced in Cells that Are Destined
to Die, Yet Prevents Cell Death. HT-2 cells expressing BHRF1 or the empty vector were cultured with or without IL-2 for 20 h. CHAPS soluble lysates were blotted for Bak, Bim, Bcl-2, and actin. As shown in Fig. 5A and quantified in Fig. 5B , the levels of all forms of Bim, except Bim L , increased 2-to 3-fold, whereas the Bcl-2 amounts per cell (relative to actin) fell, in the absence of IL-2. These phenomena have been described previously by others and ourselves (20, 25, 26) . Levels of other Bcl-2 like proteins, such as the executioner protein Bak, were unchanged (Fig. 5) . Thus, the fact that BHRF1 binds more Bim in HT-2 cells lacking IL-2 may be due to the increased amounts of Bim and/or the drop in Bcl-2 and/or the creation of some special form of Bim that binds preferentially to BHRF1 in the former cells. The idea that Bcl-2 and BHRF1 may compete for binding to Bim is supported by the fact that BHRF1 binds quite a lot of Bim in the Bcl-2 negative human B cell line Daudi (27) , even if the cells are healthy (Fig. S9 A and  B) . To test the idea more directly, Bcl-2 was overexpressed by transduction in HT-2 cells expressing BHRF1. The overexpression of Bcl-2 greatly reduced, but did not abrogate, Bim binding to BHRF1 after withdrawal of IL-2 (Fig. S9C) .
We calculated whether the increase in Bim bound by BHRF1 correlated with the increase in Bim protein caused by the absence of IL-2. BHRF1 binds Ͻ1% of total Bim EL (including the Bim E and Bim ELp forms) in cells cultured with IL-2 (Fig. 6,  Fig. S7 ). After 20 h of culture without IL-2, BHRF1 bound 14% of the total Bim EL (Fig. 6) . However, the amount of Bim EL /cell had increased 4-fold (Fig. 5) , probably because of an increase in the amount of Bim EL in the cell and modification of Bim ELp to the more lethal nonphosphorylated form, Bim EL (28) . Thus, although BHRF1 increased its binding to Bim, the vast majority of extra Bim produced during apoptosis was not bound to BHRF1. This result was not due to saturation of BHRF1, because immunoprecipitation of Bim revealed that only a small amount of BHRF1 was interacting with Bim whether or not the cells were cultured with IL-2 (Fig. S8) . Thus, despite the limited interaction between BHRF1 and Bim, BHRF1 protects the cells.
Discussion
BHRF1 appears to prevent death by binding Bim. Although BHRF1 binds 2 different proapoptotic proteins, Bim and Bak, the ability of BHRF1 mutants to prevent death due to absence of survival cytokines correlates with their patterns of binding to Bim, not Bak. However, remarkably, BHRF1 protects even though it binds only a small proportion of the Bim within the cell. Current dogma posits that apoptosis proceeds when the amount of proapoptotic Bcl-2 molecules surpasses the absorptive capacity of prosurvival Bcl-2 molecules. This balance is shifted after induction of apoptosis; in HT-2 cells, Bcl-2 levels fall and there is a substantial increase in Bim. If BHRF1 operated according to the current rationale, BHRF1 would need to bind the excess of Bim produced; thus, restoring the balance. Instead, BHRF1 binds only a small amount of Bim.
How can BHRF1 protect cells from death when it binds such a small fraction of the Bim? Perhaps BHRF1 prevents cell death by binding to some other protein, and that the results observed here for Bim, although strongly suggestive that Bim is the crucial interactive partner, actually reflect the relative interactions of BHRF1 and its mutants with something else. However, this other protein cannot be one of the other usual suspects, because, as cells initiate apoptosis, BHRF1 molecules interact slightly less with Bak, and at no stage does BHRF1 bind Bax (Fig. S5) .
Culture without IL-2 dramatically increases the amount of Bim in the cells. Most of the extra Bim may be bound by other antiapoptotic proteins, and BHRF1 may protect cells from death by binding the small amount of free Bim that is not dealt with by the normal prolife endogenous proteins. We think this explanation is an unlikely possibility, because Bcl-2 does not bind more Bim in the IL-2 deprived cells, and none of the other prolife candidates tested go up in amount/cell when IL-2 is absent. Therefore, in order for this explanation to be correct, the cell must contain a very large, and, in the IL-2 incubated, unused reservoir of proteins that serve to absorb the extra Bim when IL-2 is withdrawn. Cells were solubilized in 2% CHAPS and blotted for Bim, Bak, and Beta-actin by using HRP secondary antibodies, whereas Bcl-2 was detected with fluorophore conjugated antibodies. (B) Western blottings were quantified by using a CCD imaging system, and the amounts of the indicated protein were normalized to actin levels. Results shown are the means and SEM of 3 independent experiments, each run on a single blot. P values were obtained by 2-way, unpaired student's t test comparing indicated protein levels in cells expressing BHRF1 cultured with or without IL-2 for 20 h. * , P Ͻ 0.01. Fig. 6 . BHRF1 binds a limited amount of the Bim induced in apoptotic cells. Data generated from experiments described in Fig. 4 are plotted. HT-2 cells were withdrawn or not from IL-2 for 20 h. The amount of Bim EL bound by BHRF1 is inset within the amount of total Bim EL in the cells. Shown are the means and SEM generated from 3 independent experiments for percentages bound as described in Fig. 4 .
We propose that BHRF1 protects cells by binding a particularly lethal portion of the Bim in the cell. Bcl-2 must also bind this target, because overexpression of Bcl-2 also protects at least primary lymphocytes from death ( Figs. 1 and 2 ). This lethal form must be just a small proportion of the Bim in the cells, because BHRF1 protects by binding so little Bim. How might this lethal portion be distinct from the rest of the Bim? A recent report has described a noncanonical interaction between a fragment of Bim and Bax (29) , in which Bim did not bind the BH3 binding groove of Bax, but, instead, at a region on the opposite side of Bax. Perhaps Bim in the conformation that binds in this way to Bax is the target of BHRF1. In support of this idea is the fact that BHRF1 does not bind Bim until apoptosis begins. This result suggests that some change in the status of Bim is induced in cells cultured in the absence of cytokines, and this change makes the protein more likely to be engaged by BHRF1.
Alternatively, BHRF1 may act in a catalytic fashion by promoting inactivation of Bim in such a way that the Bim continues to be inactive after it has been released by BHRF1. This mode of action would be analogous to the supposed ability of denatured prion proteins to denature other precursor prions. In support of this idea, changes in conformation occur frequently in Bcl-2 family members and affect their interactions. For example, Bim, Bak, and Bax have been shown to undergo radical structural changes on dimerization (1, 30) . Thus, protection may be mediated through BHRF1 promoting a permanent change in conformation of Bim to a shape that cannot participate in cell death.
Although BHRF1 binds the proapoptotic protein, Bak, we show here that this interaction is not involved in the protective effects of BHRF1 in cytokine deprived cells. This observation is not surprising, because Bax can substitute for Bak in this kind of lymphocyte death (31, 32) , and BHRF1 does not bind Bax. Why, then, does BHRF1 interact with an apparently irrelevant protein? Most likely, the interaction is relevant, but not during apoptosis induced by cytokine withdrawal, but rather during some other potentially apoptotic threat to EBV-infected cells. The nature of this other form of death remains to be determined. In this context, it is interesting to note that, perhaps not coincidentally, another viral antiapoptotic protein from vaccinia, F1L, also binds both Bak and Bim, and the protective capacity of F1L remains in the absence of Bak (34, 35) .
Our findings also suggest considerable plasticity of the structure of BHRF1. Clearly, the groove previously thought to be rendered inactive by steric hindrance (21) is involved in binding to Bim and Bak. Data of others support this idea, because the groove of BHRF1 that is closed in the NMR structure (21) is open in the solved structure of BHRF1 bound to the BH3 region of Bim (PDB ID code 2V6Q).
In summary, BHRF1 appears to protect cells in a unique fashion. BHRF1 constitutively associates with Bak, but this interaction is irrelevant for protection from apoptosis induced by cytokine withdrawal. Instead, BHRF1 interacts with its target, Bim, only when apoptosis is initiated. This result suggests that apoptosis induces a distinct subfraction of Bim, and it is this altered state of Bim that is targeted by BHRF1.
Materials and Methods
Bone Marrow Chimera Generation and in Vitro Transduction of Activated T Cells. Mice were purchased from The Jackson Laboratory or bred in our facility under pathogen free conditions approved by the National Jewish Animal Care and Use Committee. C57BL/6 mice were treated i.p. with 5-FU at 0.15 mg/g 5 days before sacrifice, and harvest of their bone marrow. IL-6, stem cell factor and IL-3 were added to cell cultures. Retroviruses were made in Phoenix cells, and cells were transduced twice as previously described (14, 20) . Syngeneic hosts were treated with 950 rads, and then received (i.v.) 2.5 ϫ 10 5 stem cells and 1 ϫ 10 6 Rag 1 Ϫ/Ϫ bone marrow cells. Mice were killed at 6 to 12 weeks.
For SEB activation experiments, V␤DO transgenic mice were injected i.v. with 100 g of SEB in 200 L of BSS; 1 day later, spleens and lymph nodes were harvested, and T cells were purified by nylon wool and transduced. Cells were analyzed 48 h later.
Cell Culture and Enrichment. In survival experiments with cells from chimeric mice, spleen and lymph node cells were depleted of red blood cells. In some experiments, T cells were enriched by magnetic bead selection of CD43 ϩ cells (Miltenyi). In B cell stimulation experiments, bone marrow from MD4 mice was cultured overnight in IL-7, removed from stroma, transduced as above, and maintained in IL-7; 4 days later, 1 g/mL HEL was added or not. The cells were analyzed 24 and 48 h later. HT-2 cells were transduced as above and enriched for Thy 1.1 by staining with Thy1.1 PE, and anti-PE magnetic bead selection (Miltenyi), or single cell cloning via limiting dilution. The cells were maintained in complete media supplemented with IL-2.
Western Blotting and Immunoprecipitation. Cells were lysed at room temperature for 15 min in 2% CHAPS/PBS with protease inhibitors: 0.1 mM PMSF and complete mini (Roche). Lysates were centrifuged at 10,000 ϫ g for 10 min and immunoprecipitated by means of the FLAG epitope fused to the N terminus of Bcl-2, BHRF1, or its variants by using 40 L of wet M2 beads (Sigma). After 2 h, beads were washed 3 times with 200 L of cold lysis buffer. Proteins were eluted by using SDS loading buffer without denaturing agents. PAGE was performed, and then proteins were transferred to PVDF. Membranes were blotted and quantified as described in SI Materials and Methods.
Cell Staining for Flow Cytometric Analysis. HT-2 T cell lines were incubated with antibodies and 7AAD at 0.33 mg/mL for 15 min at 4°C. In some cases, 25 nM DiOC 6 (Calbiochem) or 50 M Mitotracker CMX ROS (Invitrogen) was added to cultures for 15 min at 37°C. Cells stained with Mitotracker were chased with fresh media for 15 min at 37°C to prevent nonspecific staining. Antibodies used are listed in SI Materials and Methods.
Bim Short Hairpin RNA. The Bim shRNA retroviral vector was a kind gift from Drs. Paul Waterman and Yosef Refaeli. The following sequence was cloned into the LMP retroviral vector (Open Biosystems): Sense oligo, TCGAGAAGG-TATATTGCTGTTGACAGTGAGCGGGAGGGTGTTTGC AAATGATAGTGAAGC-CACAGATGTATCATTTGCAAACACCCTCCTGCCTACTGCCTCGG.
